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Abstract Tumors with anaplastic lymphoma kinase (ALK) fusion rearrangements, including
non-small-cell lung cancer and anaplastic large cell lymphoma, are highly sensitive to ALK
tyrosine kinase inhibitors (TKIs), underscoring the notion that such cancers are addicted to
ALK activity. Althoughmutations in ALK are heavily implicated in childhood neuroblastoma,
response to the ALK TKI crizotinib has been disappointing. Embryonal tumors in patients
with DNA repair defects such as Fanconi anemia (FA) often have a poor prognosis, because
of lack of therapeutic options. Here we report a child with underlying FA and ALK mutant
high-risk neuroblastoma responding strongly to precision therapywith the ALK TKI ceritinib.
Conventional chemotherapy treatment caused severe, life-threatening toxicity. Genomic
analysis of the initial biopsy identified germline FANCA mutations as well as a novel ALK-
I1171T variant. ALK-I1171T generates a potent gain-of-function mutant, as measured in
PC12 cell neurite outgrowth and NIH3T3 transformation. Pharmacological inhibition profil-
ing of ALK-I1171T in response to various ALK TKIs identified an 11-fold improved inhibition
of ALK-I1171T with ceritinib when compared with crizotinib. Immunoaffinity-coupled LC-
MS/MS phosphoproteomics analysis indicated a decrease in ALK signaling in response to
ceritinib. Ceritinib was therefore selected for treatment in this child. Monotherapy with cer-
itinibwaswell toleratedand resulted in normalized catecholaminemarkers and tumor shrink-
age. After 7.5mo treatment, the residual primary tumor shrunk, was surgically removed, and
exhibited hallmarks of differentiation together with reduced Ki67 levels. Clinical follow-up
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after 21 mo treatment revealed complete clinical remission including all metastatic sites.
Therefore, ceritinib presents a viable therapeutic option for ALK-positive neuroblastoma.

[Supplemental material is available for this article.]

INTRODUCTION

Anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase (RTK) comprising an extracel-
lular ligand-binding domain, a transmembrane domain and an intracellular tyrosine kinase
domain (Iwahara et al. 1997; Morris et al. 1997). ALK was first described in 1994 as a fusion
partner in the t(2;5) chromosomal translocation in anaplastic large cell lymphoma (ALCL)
(Morris et al. 1994). Vertebrate ALK is activated by the recently described small secreted
ALKAL (FAM150/AUG) ligands, which potently activate ALK signaling (Zhang et al. 2014;
Guan et al. 2015; Reshetnyak et al. 2015; Mo et al. 2017; Fadeev et al. 2018). ALK activates
multiple signaling pathways, such as the PI3K-AKT, CRKL-C3G, MEKK2/3-MEK5-ERK5, JAK-
STAT, and MAPK pathways (Hallberg and Palmer 2016).

Mutation of full-length ALK has been well described in the neural crest derived pediatric
cancer neuroblastoma (Carén et al. 2008; Chen et al. 2008; George et al. 2008; Janoueix-
Lerosey et al. 2008; Mosse et al. 2008; Hallberg and Palmer 2013). Of the more than 35 mu-
tations in ALK described, the majority are point mutations in the kinase domain, although
deletions in the extracellular domain and translocations have also been reported (Okubo
et al. 2012; Cazes et al. 2013; Hallberg and Palmer 2013; Bresler et al. 2014; Fransson
et al. 2015).Within the kinase domain three hotspot residues, F1174, F1245, and R1275, rep-
resent most patient mutations (De Brouwer et al. 2010; Hallberg and Palmer 2013; Bresler
et al. 2014). In addition to ALK mutations in treatment-naïve neuroblastoma, examination
of ALK status in relapsed neuroblastoma samples has highlighted an increase in activating
ALK mutations appearing later in the disease course (Martinsson et al. 2011; Schleiermacher
et al. 2014; Eleveld et al. 2015).

In neuroblastoma, ALK signaling has been shown to act synergistically with MYCN to
drive tumor development (Berry et al. 2012; Heukamp et al. 2012; Schonherr et al. 2012;
Zhu et al. 2012; Cazes et al. 2014; Ueda et al. 2016), with combined occurrence of MYCN
amplification and ALK mutations being associated with particularly bad prognosis (De
Brouwer et al. 2010). ALK has led to the suggestion that inhibition of ALKwith small molecule
tyrosine kinase inhibitors (TKIs) may offer clinical benefit in neuroblastoma. The ALK TKI cri-
zotinib was approved for clinical use in patients with ALK-positive non-small-cell lung cancer
(NSCLC) in 2011 ([FDA] 26th of August 2011; Kwak et al. 2010), based on a robust response
in this patient population. Although significant problems with resistance to ALK TKIs occur, a
trial comparing crizotinib with chemotherapy concluded that crizotinib is superior in patients
with previously treated, advanced ALK-positive NSCLC (Shaw et al. 2013). Similarly, treat-
ment with crizotinib resulted in a strong response in a phase I crizotinib monotherapy trial
of pediatric patients with ALK-fusion positive tumors, although patient responses in pediatric
ALK mutant neuroblastoma were less encouraging (Mosse et al. 2013, 2017). It is not clear
whether this relates to clinical factors unique to neuroblastoma or to issues of efficacy of in-
hibition of ALK by crizotinib. The clinical data thus far motivates exploration of alternative
strategies in neuroblastoma, including ALK monotherapy with next-generation TKIs and
combination strategies (Berry et al. 2012; Moore et al. 2014; Umapathy et al. 2014; Guan
et al. 2016; Infarinato et al. 2016; Krytska et al. 2016).

Other ALK TKIs include ceritinib, brigatinib, alectinib, and lorlatinib (Christensen et al.
2007; Katayama et al. 2011, 2015; Sakamoto et al. 2011; Marsilje et al. 2013; Chia et al.
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2014; Johnson et al. 2014) (for the latest details of clinical trials using ALK TKIs, please see
Clinicaltrials.gov). These ALK inhibitors bind slightly differently within the ATP-binding pock-
et of the ALK kinase domain, show varying abilities to cross the blood–brain barrier, and have
differing profiles of inhibition for thewild-type ALK kinase domain comparedwith the various
ALK kinase mutants. These properties have important implications for potential treatment of
ALK-positive neuroblastoma in which ALK mutations are present in treatment-naïve tumors.
Ceritinib gained U.S. Food and Drug Administration approval in 2014 following accelerated
review for the treatment of patients with ALK-positive (ALK+) metastatic NSCLC who have
progressed on, or are intolerant to, crizotinib ([FDA] 29th of April 2014; Shaw et al. 2014;
[FDA] 26th of May 2017).

Here we report the robust response of an ALK-positive neuroblastoma patient to ceritinib
treatment. The patient received chemotherapy according to protocol after being diagnosed
with high-risk neuroblastoma but displayed severe hematological failure early after initial
treatment. This led to suspicion of Fanconi anemia (FA), whichwas confirmedby chromosom-
al breakage assessment and identification of FANCA gene mutations. FA is a rare recessive
genetic disorder clinically characterized by congenital abnormalities and progressive bone
marrow failure (Kutler et al. 2003b), although some patients may show only subtle symptoms
or no phenotype at all (Neveling et al. 2009). FA is caused by mutations in one of at least 21
different FAgenes encoding proteins that function in interstrand cross-link and double strand
DNA repair (Mamrak et al. 2017). Because of the impaired DNA damage response, FA pa-
tients have significantly increased cancer susceptibility, particularly to acute myeloid leuke-
mia, head and neck squamous cell carcinoma (Kutler et al. 2003a,b), and, more rarely,
embryonic tumors such as Wilms tumor, hepatoblastoma, or neuroblastoma (Abbondanzo
et al. 1986; Bissig et al. 2002; Berrebi et al. 2006; Kopic et al. 2011; Malric et al. 2015). The
management of cancer in FA patients is challenging as defective DNA repair leads to hyper-
sensitivity to both radiation and cross-linking agents such as mitomycin C and cisplatin with
increased risk of developing severe toxicity (Walsh et al. 2017) (http://fanconi.org/explore/
clinical-care-guidelines). In parallel to identification of FANCA gene mutations in this neuro-
blastoma patient, we also noted the presence of an ALK mutation at residue I1171.

Preclinical analysis showed that themutation of ALK-I1171 to threonine (T), which has not
previously been reported in neuroblastoma, generates a potent gain-of-function mutant.
PC12 cells expressing ALK-I1171T display ligand-independent activation of ALK, neurite
outgrowth and activation of downstream signaling. In addition, ALK-I1171T drives foci for-
mation in NIH3T3 cells. We were able to identify ceritinib as a next-generation ALK TKI
that effectively inhibits ALK-I1171T in a preclinical setting, and based on these experimental
data, the patient was treated with ceritinib. A dramatic response was observed and 7.5 mo
after initiation of treatment, tumor material was surgically removed, exhibiting reduced Ki67
levels and up-regulation of markers of differentiation. Based on this case, we suggest that
ceritinib presents a viable therapeutic option for patients with ALK-positive neuroblastoma.

RESULTS

Patient Presentation
A 16-mo-old boy presenting with neurologic symptoms at the pediatric emergency unit was
found to have metastatic neuroblastoma stage M (INRGSS) (Fig. 1). There was no previous
family history of neuroblastoma. SNP-microarray analysis of genomic DNA from initial biopsy
showed no MYCN-amplification but revealed several unfavorable segmental alterations
(Fig. 2A). COJEC chemotherapy induction was started according to HR-NBL-1 SIOPEN
(Ladenstein et al. 2017) and the patient received one A course (day 0; vincristine, carboplatin,
etoposide), one B course (day 10; vincristine, cisplatin), and a partial C course (day 20;
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vincristine, etoposide, cyclophosphamide), before chemotherapy had to be discontinued
because of severe bone marrow toxicity with anemia, neutropenia, and thrombocytopenia.
For the ensuing 4 months, the patient was continuously hospitalized and suffered repeated
episodes of septicemia, intestinal hemorrhage, and typhlitis as well as respiratory failure re-
quiring intensive care. Because of the unusual severity of the toxicity, and also because the
patient displayed moderate radial dysplasia with deviant thumbs bilaterally, suspicion

A B

C D

E G HF

Figure 1. Patient tumor imaging.Disease at initial diagnosis and after targeted therapy in full clinical remission
(A–D). (A) Whole-body MIBG-I123 scintigraphy showing extensive metastatic disease at diagnosis of high-risk
neuroblastoma (upper panels). (Left panel) anterior view; (right panel) posterior view. Lower panels display
head and neck region. (B) MIBG-scintigraphy after 21 mo of ceritinib therapy showing complete remission
at all metastatic sites. (C ) Brain CT scans at diagnosis showing a CNS metastasis (43 mm× 46.7 mm) posterior
to the right orbit. (D) CT scans after 21 mo of ceritinib therapy showing complete metastatic response. (E–H)
Primary tumor immediately before and after targeted therapy. (E) Magnetic resonance imaging (MRI) of prima-
ry abdominal tumor (indicated by arrows and measurements inserted) immediately before start of ceritinib
targeted therapy (∼18.8 mL tumor volume), (F ) MRI after 3 mo therapy (∼13.8 mL tumor volume), and (G)
MRI after 6 mo therapy immediately prior to radical surgery (∼10.6 mL tumor volume). (H) Decrease of evalu-
able tumor volume after 3 and 6 mo of targeted therapy.
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of Fanconi anemia was raised. A clinical chromosome breakage assessment was found pos-
itive. A more detailed genomic analysis then revealed inherited mutations in the FANCA
gene; one novel missense variant at genomic position Chr 16:89831348 (NM_000135.2;
c.2728C>T, p.L910F) predicted to be deleterious and probably damaging by scale-invariant
feature transform (SIFT) and PolyPhen-2 (PP2), respectively, and one splice site mutation at
the acceptor site of intron 42 at genomic position Chr 16:89805118, (NM_000135.2; c.4261-
2A>C) (Table 1; Fig. 2B). The L910F variant is not present in either ClinVar or HGMD and, to
best of our knowledge, this is the first report of a L910F variant in association with FA. A third
rare missense variant at Chr 16:89871709 (c.688G>A; p.V230I) was detected in the patient,
although predicted to be benign by SIFT and PP2, indicating a nonpathogenic function. This
is supported by a recent study showing that the V230I variant is localized to the nucleus and
does not confer sensitivity to mitomycin C (Kimble et al. 2017). The fact that the child pre-
sents as a compound heterozygote for FANCA (p.L910F/c.4261-2A>C) is a likely cause for
the above described toxicity (Table 1; Fig. 2B). Further use of chemotherapy, or irradiation,
was advised against in this patient because of the DNA repair defects in Fanconi anemia.
Because initial genomic analysis also identified an ALK-I1171T mutation in the patient
(Table 1; Fig. 2C), ALK TKI therapy was considered and experimentally investigated preclini-
cally for this patient.

A

B C

Figure 2. Genomic analysis of the tumor sample. (A) Copy number profiling using Affymetrix HD SNP-micro-
array shows a genomic profile with 11q-deletion and 17q-gain indicative of high-risk neuroblastoma. (B) Two
different likely pathogenic variants in the FANCA gene were detected through exome sequencing and con-
firmed in constitutional DNA of the patient. Read mapping is visualized in IGV. (C ) Exome sequencing also
detected a novel ALK I1171T mutation in the tumor that was confirmed to be somatic through Sanger se-
quencing. Electrophorogram of tumor in upper panel and from constitutional DNA in lower panel.
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ALK-I1171T Is a Gain-of-Function ALK Mutation
Exome sequence analysis of a tumor biopsy sample revealed a heterozygous mutation of
ALK (Chr 2:29445213) in exon 22; (NM_004304.4; c.3512T>C) leading to a missense muta-
tion I117IT (Table 1; Fig. 2C). Sanger sequencing of tumor and patient’s corresponding con-
stitutional DNA indicated that the ALK variant was caused by a somatic event. I1171 is
located in the ALK kinase domain in close proximity to F1174, one of themutational hotspots
of ALK in neuroblastoma that is localized in the αC-helix in the amino-terminal lobe of the
kinase (Fig. 3A). Mutation of I1171 to either N/T or S has previously been described in

BA

DC

FE

Figure 3. Characterization of ALK-I1171T with cell culture systems. (Legend continues on next page.)
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ALK TKI-treated patients with ALK fusion-positive NSCLC (in the EML4-ALK and HIP1-ALK
fusion proteins) (Katayama et al. 2014; Ou et al. 2014; Toyokawa et al. 2014), resulting in tu-
mor resistance.

This is the first report of mutation of ALK-I1171T in neuroblastoma, although mutation of
ALK-I1171N has been reported (Mosse et al. 2008; Bresler et al. 2014). Intriguingly, the res-
idue I1171 contributes to the regulatory spine (Fig. 3A; Kornev and Taylor 2015), prompting
us to experimentally validate its behavior in the context of the full-length ALK RTK. To eval-
uate the ALK-I1171Tmutant we used a PC12 cell culture system for expression of either wild-
type or ALK-I1171T. Wild-type ALK can be activated with the ALKAL1 ligand (FAM150A,
AUGβ) (Guan et al. 2015; Reshetnyak et al. 2015), leading to extensive tyrosine phosphory-
lation of the receptor and activation of downstream targets, such as ERK1/2 (Fig. 3B). In con-
trast to wild-type ALK, we observed ligand-independent auto-trans-phosphorylation of the
ALK-I1171T mutant together with activation of the downstream target ERK1/2 (Fig. 3B).

We next investigated whether the ALK-I1171Tmutant was capable of stimulating neurite
outgrowth in the PC12 cell line. PC12 cells are a clonal rat adrenal pheochromocytoma cell
line with enteric cell origin, which differentiate and extend neurites upon extended ERK1/2
stimulation (Cowley et al. 1994). We and others have previously shown that activation of ALK
triggers differentiation of PC12 cells into sympathetic-like neurons, a process characterized
by extension of neurites (Fig. 3C; Motegi et al. 2004; Schonherr et al. 2011). Expression of
wild-type ALK mediates only a low level of neurite outgrowth in this assay (Fig. 3C). In con-
trast, expression of the ALK-I1171T mutant results in robust neurite outgrowth to a level sim-
ilar to that observed for the well characterized ALK-F1174L mutant used as positive control.

Finally, we investigated whether the human ALK-I1171T mutant displays transforming
potential in NIH3T3 cells. Expression of either the positive control human ALK-F1174L or
the ALK-I1171T mutant led to formation of foci of transformed cells over the background
monolayer (Fig. 3D), whereas expression of the wild-type human ALK receptor was unable
to mediate foci formation. Thus, ALK-I1171T exhibits intrinsic transforming activity in a focus
formation assay, in addition to ligand-independent activation of downstream targets and
neurite outgrowth.

Ceritinib Abrogates Growth in ALK-Addicted Neuroblastoma Cell Lines
Ceritinib is a small molecule ALK TKI that has been extensively explored for ALK-positive
NSCLC and is FDA approved for clinical use in that setting. It has not yet been reported

Figure 3. (Continued.) (A) Model of the ALK kinase domain (PDB #3LCS) using PyMol, which can be divided
into the upper amino-terminal lobe and the lower carboxy-terminal lobeby the hinge regionand ceritinib bind-
ing/ATP (red) bindingpocket. Regulatory spine (R-spine) residues are shown inmagenta. The spine is anchored
in theαF-helix (D1311) and includes theDFG (F1271) and theHRDmotif (H1247)of theC-lobe. R-spine residues
in the amino-terminal lobe include the β4 strand (C1182) and the residuemutated in this patient in the αC-helix
(I1171). Mutation of residue I1171 to threonine in PyMol, results in a small shift, which potentially drives a dy-
namic allostery that results in a gain-of-function ALK activity (upper insert:wild-type ALK kinase domain; lower
insert: ALK-I1171T kinase domain). (B) ALK kinase activity and activation of downstream signaling pathways
were visualized by western blot with antibodies against pALK (Y1604) and pERK1/2. Total ALK and pan-ERK
were used as loading controls. Blots are representative of three independent experiments. (C ) Neurite out-
growth of PC12 cells as a readout for ALK kinase activity was performed with wild-type ALK and ALK variants
in the absence or presence of ALKAL1 ligand. Bars represent mean percentage ± STD of neurite-carrying cells
among GFP-positive cells from three independent experiments. (D) Representative focus formation assays for
NIH 3T3 cells transfected with wild-type ALK, ALK variants (ALK-I1171T and ALK-F1174L), or empty vector.
(E) Inhibition profiling of ALK TKIs on ALK-I1171T. PC12 cells expressing ALK-I1171T were treated with serial
dilution of ALK inhibitors as indicated. Phosphorylation of ALK was detected with pALK (Y1604) antibody and
total ALKwas used as loading control. (F ) IC50 values of different ALK inhibitors were calculatedwithGraphPad
Prism 6.0 by fitting data to a log (inhibitor concentration) versus normalized response (variable slope) equation
and shown in the accompanying table. Values represent average ± STD from three independent experiments.
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as being used clinically in the context of ALK mutations in neuroblastoma. Previous analysis
of the I1171T mutation in NSCLC (arising in response to sequential crizotinib and alectinib
treatment) noted that the I1171 mutation is relatively insensitive to inhibition by crizotinib
and alectinib but was still sensitive to other ALK TKIs such as TAE684 and ceritinib (Katayama
et al. 2014). We therefore assembled a panel of neuroblastoma cell lines harboring either
mutated or wild-type ALK in combination with other genetic aberrations, CLB-GE, CLB-
GA, CLB-BAR, CLB-PE, IMR32, Kelly, SK-N-AS, SK-N-DZ, and SK-N-BE (Table 2) to examine
the effect of ceritinib on ALK activity and cell proliferation in a neuroblastoma setting (Kohl
et al. 1984; Combaret et al. 1995; Schleiermacher et al. 2003; Cazes et al. 2013; Fransson
et al. 2015; Umapathy et al. 2017). In this analysis we also compared the ability of ceritinib
to inhibit proliferation of neuroblastoma cells with the well-characterized clinical ALK TKI
crizotinib (Christensen et al. 2007), treating cells with increasing doses of either crizotinib
or ceritinib. Proliferation of ALK-addicted cell lines such as CLB-BAR, CLB-GE, CLB-
GA, and Kelly was inhibited in a dose-dependent manner by both crizotinib and ceritinib (Ta-
ble 2). Of the neuroblastoma cell lines tested, growth of CLB-BAR and CLB-GE was inhibited
in a manner similar to that previously shown for crizotinib (Schonherr et al. 2012), although
the observed IC50 values differ up to twofold. IC50 values were similar for both ceritinib
and crizotinib in CLB-GA and Kelly cells with values of ∼110 and 330 nM, respectively (Table
2). Importantly, we did not observe inhibition of proliferation in non-ALK-addicted cell lines
such as CLB-PE, SK-N-AS, SK-N-BE, and SK-N-DZ, which carry other driver mutations. IMR32
cells, which express wild-type ALK and respond to stimulation with ALKAL ligands (Guan
et al. 2015), are more sensitive to crizotinib than ceritinib, although IC50 values are high,
more than 350 nM (Table 2). Thus, these preclinical results show that although activity of
the ALK-dependent neuroblastoma cells tested here is inhibited by crizotinib, treatment
with ceritinib has greater efficacy.

Ceritinib Effectively Inhibits the Crizotinib-Resistant ALK-I1171T Mutant in PC12 Cells
To determine which ALK TKI would be suitable in this clinical case we examined the ability of
different ALK inhibitors to abrogate ALK-I1171T activity. As readout for ALK activity we used
phosphorylation of ALK Y1604, which reflects ALK activation, in PC12 cells (Chand et al.
2013). PC12 cells expressing ALK-I1171T were treated with serial dilution of the ALK inhib-
itors crizotinib, ceritinib, lorlatinib, and brigatinib, and Y1604 phosphorylation levels were
quantified. We observed that full-length ALK-I1171T was more resistant to crizotinib than

Table 2. Indicated neuroblastoma cell lines were treated with increasing doses of either ceritinib or
crizotinib for 72 h and cell viability was assessed by resazurin assay

Cell line ALK status MYCN status IC50 nM (ceritinib) IC50 nM (crizotinib)

CLB-GE F1174V, A A 131.3 ± 24 233.7 ± 18

CLB-BAR g-o-f Δexon 4-12 A 36.1 ± 6.2 54.9 ± 20

KELLY F1174L, A A 328.9 ± 36 333.3 ± 78

CLB-GAR R1275Q NA 102.3 ± 16 119.3 ± 45

IMR32 wt A >500 348.7 ± 45

SK-N-BE wt, NA A >1500 >1000

SK-N-DZ wt A >800 >4000

SK-N-AS wt, NA NA >3000 353.0 ± 27

CLB-PE wt A >15000 >4000

NA, nonamplified; A, amplified; g-o-f Δexon 4-11, gain-of-function deletion of exons in the extracellular domain of ALK;
wt, wild-type.
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other inhibitors as measured by Y1604 phosphorylation (Fig. 3E). The IC50 of crizotinib for
ALK-I1171T in this analysis was 193 ± 57 nM, approximately 11 times that of ceritinib for
ALK-I1171T (Fig. 3F). The next-generation ALK TKIs also showed strong anti-ALK-I1171T ac-
tivity. The observed IC50 values of ALK-I1171T for brigatinib and lorlatinib were in a similar
range (6.8–7.5 nM), approximately 1/28th of the crizotinib IC50 for ALK-I1171T (Fig. 3F).
Taken together, our results indicate that ceritinib as well as the third-generation TKIs lorlati-
nib and brigatinib represent experimentally well-supported choices for treatment of tumor(s)
harboring the ALK-I1171T mutation.

To extend our analysis we examined the activity of ceritinib to inhibit a range of gain-of-
function ALK variants expressed in PC12 cells, using ALK Y1604 phosphorylation as readout
(Supplemental Fig. S2; includes all loading ALK control blots for this experiment). In this anal-
ysis crizotinib abrogates wild-type ALK phosphorylation with an IC50 of∼18 nM, which is sim-
ilar to earlier reports (Schonherr et al. 2011; Siaw et al. 2016). In comparison, ceritinib blocks
ALK Y1604 phosphorylation with a threefold lower IC50 level, of ∼5 nM. The IC50 values for
crizotinib inhibition of ALK Y1604 phosphorylation of the various ALK mutations tested here
are similar to earlier reports, highlighting a requirement for higher crizotinib dosage for ef-
fective inhibition of ALK-I1171N (Table 3; Schonherr et al. 2011; Guan et al. 2016; Siaw
et al. 2016). ALK-G1269A has only been described in EML4-ALK fusions arising in NSCLC
patients that have developed resistance to ALK TKI treatment (Doebele et al. 2012), but is
included here as reference in the context of full-length ALK.

Our extensive examination of the inhibition profiles of both crizotinib and ceritinib on the
different ALK mutations reveals one important exception—ALK-I1171T. We observe that in-
hibition of ALK-I1171T by ceritinib exhibits an IC50 value (17.4 ± 3.1 nM; Fig. 3F) that is not
too far from that of wild-type ALK (5.3 ± 0.2 nM) (Table 3). This is in stark contrast to the ALK-
I1171N mutation at the same residue, which displays resistance to both ceritinib (46.6 ±
0.16 nM) and crizotinib (139.5 ± 13.8 nM) when compared with wild-type ALK (Table 3). In
summary, ceritinib was active in a range comparable to crizotinib as measured by inhibition
of ALK phosphorylation/activation in PC12 cells with one exception, the ALK-I1171T mutant
which was insensitive to crizotinib but efficiently inhibited by ceritinib.

Phosphoproteomic Profiling of Ceritinib in Different Neuroblastoma Cell Lines
Phosphoproteomic profiling has clinical value because it can be translated into prognostic
biomarkers, which can be used to identify functional downstream targets as combinatorial

Table 3. IC50 values for inhibition of ALK Y1604 phosphorylation by ceritinib or crizotinib in PC12 cells

ALK
mutation

Ceritinib
(IC50 nM)

Normalized to
IC50 of wt

Crizotinib
(IC50 nM)

Normalized to
IC50 of WT

Fold
change

wt 5.3 ± 0.2 1.0 17.8 ± 0.2 1 3.4

G1128A 19.8 ± 3.5 3.7 22.2 ± 3.4 1.2 1.1

I1171N 46.6 ± 16 8.8 139.5 ± 13.8 7.8 3.0

F1174L 16.9 ± 8 3.2 29.9 ± 4.8 1.7 1.8

R1192P 26.1 ± 1.2 4.9 28.1 ± 7.5 1.6 1.1

F1245C 24.6 ± 6.4 4.6 37.5 ± 7.7 2.1 1.5

G1269A 28.9 ± 3.6 5.5 113.5 ± 8.5 6.4 3.9

R1275Q 10.8 ± 3.5 2.0 30.3 ± 0.9 1.7 2.8

Y1278S 20.5 ± 0.1 3.9 69.5 ± 0.03 3.9 3.4

IC50 values were determined by quantification of Y1604 phosphorylation from the immunoblots in Supplemental Figure 1.
Values represent mean ± SD from at least two independent experiments.
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treatment target options together with ceritinib. Here we determined the difference in the
phosphoproteomic patterns upon treatment with ceritinib in ALK-addicted (CLB-BAR and
CLB-GE) neuroblastoma cell lines with that of a non-ALK-addicted (SK-N-AS) neuroblastoma
cell line (Fig. 4A). The CLB-BAR and CLB-GE cell lines harbor activating ALK mutations, are

A

C E

D

F

B

Figure 4. Ceritinib phosphoproteomic profile in neuroblastoma cell lines. (A) Three neuroblastoma cell lines
(CLB-BAR, CLB-GE, and SK-N-AS) were cultured in control conditions or in the presence of ceritinib. Cells were
harvested for tyrosine and serine/threonine phosphoproteomic analysis after 60 min. The pie chart indicates
the number of targeted sites. (B) Overview of all ALK tyrosine phosphorylation sites with log2 fold change val-
ues (FC; treated/untreated) in CLB-BAR and CLB-GE. Note that no signal was measured in SK-N-AS cells, re-
flecting the known absent expression of ALK. (C ) Log2 FC values of all analyzed phosphosites indicating the
number of proteins found to contain phosphorylated (red) or dephosphorylated (green) sites for the three cell
lines analyzed. Dotted lines indicate thresholds to determine differential phosphorylation. (D) Venn diagrams
show the correlation between phosphorylated (red) and dephosphorylated (green) proteins in the different cell
lines. Sixty proteins were found to be dephosphorylated upon ceritinib treatment in the ALK-addicted CLB-
BAR and CLB-GE lines but not in the SK-N-AS cell line. (E) These proteins were mapped to the InWeb_
InBioMap protein–protein interaction network. For visualization purposes, only direct interactions between
the identified proteins are shown. Node sizes are proportional to the number of connections, whereas node
colors indicate different log2 FC values as indicated in the color scale legend on the top left. (F ) Reactome
gene set enrichment analysis on all 60 proteins that were identified to be dephosphorylated. The 10 most sig-
nificantly enriched pathways are shown and ranked on FDR values.
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ALK/MYCN amplified, lack p53/RAS mutations, and display high levels of NF1 (Umapathy
et al. 2017). The SK-N-AS cell line harbors an activating mutation in the NRAS gene and ex-
hibits down-regulated NF1 expression leading to an activation of the RAS-MAPK pathway.
SK-N-AS has a 11q deletion, is non-MYCN-amplified, has no p53/ALK mutations, and has
undetectable levels of ALK protein (Umapathy et al. 2017). SK-N-AS was used as a control
cell line for off-target effects of the inhibitors used, because ALK protein is undetectable
in this cell line with no MYCN amplification.

To identify sites with altered phosphorylation associated with ALK activity, we utilized an
immunoaffinity-coupled LC-MS/MS approach by treating neuroblastoma cell lines with cer-
itinib. Prior to MS, lysates were examined for ALK, ERK, and AKT activity, which have previ-
ously been shown to be reduced upon ALK TKI treatment for 1 h (Supplemental Fig. S3). We
observed reduced phosphorylation levels of ALK and ERK in response to ceritinib, validating
response to inhibitor treatment (Supplemental Fig. S3). Phosphoproteomic analysis of neu-
roblastoma cell lines (CLB-BAR, CLB-GE, and SK-N-AS) identified 2223 phosphothreonine
sites, 2583 phosphotyrosine sites, and 5013 phosphoserine residue sites in 3345 different
proteins (Fig. 4A). All previously observed 11 ALK phosphotyrosine sites were identified
and showed drastically reduced phosphorylation signals in both ALK-addicted neuroblasto-
ma cell lines (i.e., CLB-BAR and CLB-GE) after ceritinib treatment. The strongest dephos-
phorylation signals were measured at ALK tyrosine sites 1096, 1278, 1282, and 1283 (Fig.
4B). The latter three sites were previously reported as important residues in the ALK activa-
tion loop (Donella-Deana et al. 2005; Rush et al. 2005; Rikova et al. 2007; Tartari et al. 2008;
Wang et al. 2010; Sattu et al. 2013; Guan et al. 2017). As expected, no phosphorylation sig-
nal was observed in the control SK-N-AS cell line. Furthermore, this strong dephosphoryla-
tion response was only observed for ALK and not for any other RTK (Supplemental Fig. S4).
In CLB-BAR, 182 proteins were dephosphorylated and 52 proteins were phosphorylated
upon treatment with ceritinib (Fig. 4C). Similarly, in CLB-GE, 200 proteins were dephosphor-
ylated and 120 proteins were phosphorylated (Fig. 4C). Treatment with ceritinib in SK-N-AS
revealed only 35 proteins that were dephosphorylated and 20 proteins that were phosphor-
ylated. Few similarities were found between the RAS-addicted SK-N-AS cell line and the
ALK-addicted CLB-BAR/GE cell lines and, although phosphorylation responses were specif-
ic between all cell lines with little overlap, 60 proteins were dephosphorylated in both CLB-
BAR and CLB-GE but not in SK-N-AS (Fig. 4D; Supplemental Table S1). Assuming that these
60 proteins represent the most specific response to ceritinib, they were used for further anal-
ysis. To illustrate downstream phosphorylation targets of ALK signaling activity that are in-
hibited upon treatment with ceritinib in ALK-addicted neuroblastoma cells, we mapped
the dephosphorylated proteins to a protein–protein interaction network (Fig. 4E). This net-
work analysis highlighted FRS2, IRS2, ERK1/2, AKT family members, SHC family members,
SOS1, and GAB1/2 as key components of the underlying signaling pathways. Many of these
proteins are known to be active in insulin, NGF, and FGFR receptor signaling pathways, as
confirmed by a gene set enrichment analysis (Fig. 4F). Similar results were found when in-
dependently focusing on the 182 and 200 dephosphorylated proteins of the CLB-BAR
and CLB-GE cell lines respectively (Supplemental Figs. S5, S6).

Patient Response to Ceritinib
Based on the experimental data presented here that indicated a potentially poor response to
crizotinib, as well as evidence for FA prohibiting use of conventional chemotherapy or irra-
diation, the patient was started on ceritinibmonotherapy as soon as severe acute toxicity had
subsided (initiated 9.5 mo after diagnosis, indicated by ∗; Fig. 5A). Initial dosage was 225mg
once daily (450 mg/m2 body surface area) for a period of 10.5 mo, after which dosage was
increased to 540 mg/m2 body surface area. Hematological counts were stabilized at normal
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levels (Fig. 5A). After the first 4-wk cycle, elevated urinary catecholamines had decreased to
levels below the upper reference limit (Fig. 5B). Other than mild gastrointestinal side effects,
no toxicity was observed, and the child was able to lead a normal life (Kim et al. 2016). After
6.5 mo of ceritinib treatment, the primary tumor had decreased in size (−43.6% according to
MRI with volumetric measurements; Fig. 1) and the remaining CNS metastasis showed re-
sponse by MRI (Supplemental Fig. S1), although not as sensitive as CT scans performed at
diagnosis and after 21 mo of treatment showing complete metastatic remission (Fig. 1).
The remaining primary was radically removed surgically together with the left adrenal gland
at 7.5mo from start of ceritinib treatment. The tumor was subjected to immunohistochemical
analysis with both proliferation and differentiation markers. The treated tumor displayed a
large proportion of calcification and nonmalignant stroma, reduced cell proliferation as mea-
sured by Ki-67 positivity (5% vs. 27% before treatment), and hallmarks of differentiation as
assessedwith NB84 andNFP (Fig. 6). The overall morphology of the primary tumor indicated
differentiation in response to treatment, resembling a ganglioneuroblastoma, andwas rich in
schwannian stroma containing scattered foci of tumor cells of varying degrees of maturation
to ganglion cells. Complete clinical evaluation with CT and MRI 1 yr after surgery and 21 mo
after initiation of ceritinib treatment showed no residual tumor in the abdomen and com-
plete resolution of metastases at all sites (Fig. 1). MIBG-I123 scintigraphy showed normal find-
ings, indicating completely resolved tumor activity (Fig. 1B). After 34 mo of continuous
ceritinib treatment, the child is in continuous complete remission (Park et al. 2017).

A

B

Figure 5. Hematological counts and catecholamine metabolites in urine. (A) After conventional high-risk
neuroblastoma chemotherapy was started, the patient suffered severe bone marrow toxicity with protracted
anemia and thrombocytopenia requiring frequent transfusions (each peak indicates posttransfusion measure-
ment). When hematological counts stabilized, ceritinib treatment could be started (∗). Hemoglobin and plate-
let counts remained stable during TKI treatment, allowing for surgery (#) with radical removal of the
differentiated and calcified decreased primary tumor. (B) Catecholamine metabolites (dopamine in black,
homovanillic acid [HVA] in red, and vanillylmandelic acid [VMA] in green) as neuroblastoma markers in the pa-
tient’s urine (molar concentrations/creatinine concentration). During ceritinib therapy (∗), elevated urine cate-
cholamine metabolites returned to normal (below respective dashed line), indicating a biologically inactive
residual tumor. At surgery (#) normal levels had been reached.
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DISCUSSION

Here we report the case of a metastatic high-risk neuroblastoma that was treated according
to HR_NBL-1 SIOPEN protocol and developed severe toxicity including protracted neutro-
penia, anemia, and thrombocytopenia that required intensive clinical care for 4 mo. During
this time genetic analyses revealed inherited biallelic sequence variants in FANCA. This con-
firmed the initial suspicion of FA as likely cause of the observed toxicity and a potential con-
tributing factor to tumor development. Genomic analysis also detected a somatic ALK-
I1171T mutation that has not previously been described in neuroblastoma. This presented
a clinical option to treat the child, whose FA status precluded further chemotherapy or irra-
diation, with targeted inhibition of ALK. Therefore an extensive preclinical experimental in-
vestigation of the ALK-I1171T mutant was performed.

ALK-I1171T exhibits robust gain-of-function activity in several different systems, such as
triggering neurite outgrowth in PC12 cells, activation of validated downstream ALK targets,
and transformation competence in NIH 3T3 cells. A critical part of this investigation was
defining the sensitivity of ALK-I1171T to available ALK TKIs, including crizotinib, ceritinib,
brigatinib, and lorlatinib. Of these, the next-generation inhibitors ceritinib, brigatinib,
and lorlatinib, which have been explored in preclinical neuroblastoma models (Guan et al.
2016; Wood et al. 2016), were effective in inhibition. Most importantly, crizotinib was a
very poor inhibitor of ALK-I1171T activity and does not efficiently cross the blood–brain bar-
rier. This is in agreement with data from NSCLC patients, where resistance mutations in ALK
fusions have been reported at I1171 (Katayama et al. 2014; Ou et al. 2014, 2015; Toyokawa

Figure 6. Immunohistochemical analysis of tumor material. Tumor sample taken in November 2014 was
stroma-poor, comprising of small, round, primitive-appearing cells positive for the Ki-67 proliferation marker
in up to 27%. Postceritinib treatment resected tumor displayed few Ki-67 positive cells and increased expres-
sion of NB84 and NFP, which are markers for differentiated neuroblastoma.
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et al. 2014). We also performed a preclinical LC-MS/MS analysis of ceritinib activity in neu-
roblastoma confirming a strong dephosphorylation response at all tyrosine residues that are
known to be involved in the ALK activation loop, but not in any other RTK, indicating the spe-
cificity of the response. The downstream signaling response included FRS2, ERK1/2, AKT
family members, SHC family members, and GAB1/2 among others and was similar to insulin,
NGF, and FGFR signaling pathways. Based on the collective preclinical information, the child
was included in the compassionate use individual patient program for ceritinib.

The patient responded strongly to ceritinib with minimal side effects allowing the child to
lead a normal life. To date, the patient is in complete clinical remission after continuous cer-
itinib monotherapy treatment for 34 mo. It is unclear to what extent the efficacy of ceritinib
treatment may have been influenced by the initial chemotherapy treatment, which induced
partial remission. One possibility that should be considered is that the initial chemotherapy
treatment sensitized the tumor to the subsequent ALK TKI treatment. A preclinical report in-
vestigating combination of crizotinib with commonly used chemotherapy showed synergistic
cytotoxicity and increased apoptosis in neuroblastoma cell lines with ALK aberrations, sup-
porting this scenario (Krytska et al. 2016). However, it is important to note that at initiation of
ceritinib treatment the patient displayed significant active disease, as shown by persistent
elevated urine catecholamine markers, metastatic disease, and remaining primary tumor tis-
sue, which all responded strongly and rapidly to ALK TKI therapy with finally complete clin-
ical remission at all sites.

In conclusion, we have shown the importance of comprehensive genetic profiling com-
bined with preclinical investigation, which was conducted during a forced drug holiday of a
neuroblastoma patient later discovered to present with FA caused by FANCAmutations and
an ALK mutation. A compassionate use protocol with ceritinib has shown a clear benefit for
the patient who is in complete clinical remission with clearance of all metastatic sites 34 mo
from start of targeted ceritinib treatment. After the initial 7.5 mo of treatment with ceritinib,
the primary tumor had decreased in size and was removed surgically. The removed tumor
displayed a large amount of calcification and nonmalignant stroma, reduced proliferation in-
dex, and hallmarks of differentiation. Here we show that monotherapy with next-generation
ALK TKIs can be effective against metastatic high-risk neuroblastoma carrying an activating
ALKmutation, confirming ceritinib as a viable therapeutic option for ALK-positive neuroblas-
toma patients.

METHODS

Patient
A 16-mo-old boy presented at the pediatric emergency unit with neurologic symptoms in-
cluding facial palsy, impaired balance, and strabismus. There was no past medical history
of note except for examination by a hand surgeon and a dysmelia team because of slightly
deviant thumbs, which had been present since birth. At the emergency visit, exophthalmus
and an abdominal mass were also noted, and imaging using MIBG scintigraphy, CT scans,
and MRI revealed a metastatic neuroblastoma with metastases in bone, lungs, and intracra-
nially (Fig. 1; Supplemental Fig. S1) but with no neuroblastoma detected in the bonemarrow.
Biological workup of the diagnostic biopsy showed a number of unfavorable chromosomal
aberrations, including 11q loss, 17q gain, 2q loss, 4p loss,7q, and 9q gain (Fig. 2). Treatment
was initiated according to the high-risk neuroblastoma protocol HR-NBL-1 SIOPEN
(Ladenstein et al. 2017) (ethical permit 02-294). In response to this treatment, the patient de-
veloped protracted neutropenia, anemia, and thrombocytopenia, necessitating repeated
transfusions of erythrocytes and platelets for almost 6 mo (Fig. 5). Furthermore the patient
experienced repeated episodes of severe septicemia and typhlitis requiring intensive
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care. Based on the suspicion of underlying FA (Walsh et al. 2017), chromosomal breakage
assessment was perfomed and found positive. Further genomic analysis revealed inherited
germline mutations in the FANCA gene, confirming FA diagnosis (Table 1; Fig. 2B). Detailed
genomic analysis further identified a somatic ALK-I1171Tmutation in the patient, raising the
possibility of ALK TKI treatment (Fig. 2C; Table 1). Following preclinical investigation of the
ALK-I1171T mutation, a clinical multidisciplinary conference, an Institutional Ethical Board
meeting, and a Clinical Ethical Board meeting endorsed application for a Medical
Products Agency (MPA) license (according to LVFS 2008:1). In addition, written informed
consent from the patient’s guardians was obtained and the patient was included in the
Novartis compassionate use Individual Patient Program for ceritinib (CLDK378A2003M).
Sampling and analyses of tumor tissues and linkage to clinical information were performed
according to the ethical permit 2009/1369-31/1. Written informed consent was obtained
from the patient’s guardians allowing scientific research publication.

Immunohistochemistry
Staining for NB84 (Novocastra, NCL-NB84), NF (DAKO, 2F11), and Ki-67 (DAKO,MIB-1) was
performed using a DAKO Autostainer. Slides were rehydrated with Xylene followed by a se-
ries of alcohol dilutions and a rinse in buffer (DAKO 8007). PTLINK (DAKO) was used for en-
zyme antigen retrieval. Endogenous enzyme block was performed for 5 min with EnVision
FLEX Peroxidase-Blocking Reagent (DAKO). The antibodies (diluted at DAKO Company)
were incubated for 20 min at room temperature. After a 5-min rinse in buffer, the labeled
polymer, EnVision FLEX/HRP (DAKO), was applied and incubated for 20 min with two addi-
tional rinses before the slides were incubated with substrate-chromogen, SubstrateWorking
Solution (DAKO), for 10 min. Slides were ultimately rinsed and counterstained in EnVision
FLEX Hematoxylin prior to mounting.

Genomics Profile with SNP Array
Microarray analyses of DNA from the tumor samples were performed using Affymetrix
Human Cytoscan High Density arrays essentially as described earlier (Fransson et al. 2016).
For primary data analysis, the GDAS software (Affymetrix) was used, whereas genomic pro-
files were generated using CNAG (CopyNumber Analyzer for AffymetrixGeneChipMapping
arrays) version 3.3 (Genome Laboratory, Tokyo University; http://www.genome.umin.jp; 11).

Detection of ALK Mutation with Massive Parallel DNA Sequencing
DNA was extracted from tumor sample using standard procedures and evaluated through
fluorometric quantitation and DNA integrity assessment on Agilent Tapestation (Agilent) pri-
or to exome sequencing. Exome sequencing was performed at GATC (GATC) through
paired-end sequencing (101 bp read length) on Illumina platforms after enrichment with
Agilent SureSelect Human All Exon v5 enrichment kit giving an average coverage of 85× (se-
quencing details are supplied in Supplemental Information file “Exome sequencing”).
Alignment against hg19 was performed using BWA with GATK local realignment followed
by SNV calling using SNPeff and Annovar annotation. Visualization of mapped reads and
manual QC of called variants was done through IGV (Robinson et al. 2011). Only variants lo-
cated at regions covered by at least 10 unique reads were kept. A systematic filtering ap-
proach was used to identify critical variants by removal of common variants (e.g., showing
an allele frequency of >0.005 in the 1000 Genomes or exome variant server) as well as ex-
cluding all synonymous variants or variants in noncoding regions except those affecting ca-
nonical splice sites. PolyPhen-2 (PP2) and SIFT were used for prediction of functional
relevance of called SNVs. Sanger sequencing of the patient’s constitutional and tumor
DNA verified presence of a somatic ALK mutation in the tumor. Sanger sequencing of
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ALK exons was performed as described previously (Carén et al. 2008). All genomic positions
are specified according hg19/GRCh37.

Generation of Human ALK Mutant Constructs in PC12 Cells
The ALK-I1171T mutation was generated based on pcDNA3-ALK-WT (NM_004304.3) by
Eurofins Genomics. ALK-F1174L has been described previously (Martinsson et al. 2011).
All mutations generated in the kinase domain were confirmed by sequencing from both
directions.

Neurite Outgrowth Assay
PC12 (2 × 106) cells were cotransfected with 0.5 µg of empty pcDNA3 vector, pcDNA3-ALK-
WT, pcDNA3-ALK-I1171T, or pcDNA3-ALK-F1174L, respectively, together with 0.5 µg of
pEGFP-N1 (Clonetech) as indicated by electroporation using Amaxa electroporator
(Amaxa Biosystems) and Ingenio electroporation solution (Mirus Bio LCC). After electropo-
ration, cells were kept in minimum essential medium (MEM) supplemented with 7% horse
serum and 3% fetal bovine serum and seeded into 24-well plates. For samples stimulated
with ALK ligand, purified ALKAL1 (FAM150A) protein was added to the well with a final con-
centration of 1 µg/ml (Guan et al. 2015). After 48 h of incubation, the fraction of green fluo-
rescent protein (GFP)-positive and neurite-carrying cells versus GFP-positive cells was
observed under a Zeiss Axiovert 40 CFL microscope. To be judged as a neurite-carrying
cell, the neurite of the cell should be at least twice the diameter of a normal cell body.
Experiments were performed in triplicate, and each sample within an experiment was per-
formed in triplicate.

Transformation Assay
NIH 3T3 cells (5 × 104) were seeded into collagen-coated 12-well plates and transfected with
0.55 µg of pcDNA3 vector, pcDNA3-ALK-WT, pcDNA3-ALK-I1171T, or pcDNA3-ALK-
F1174L, respectively, using Lipofectamine 2000 according to the manufacturer’s protocol
(Invitrogen). Twenty-four hours later, three-fifths of the cells from each well were transferred
to wells in six-well plates and kept in DMEM supplemented with 10% FBS and 0.5 mg/ml
G418 until the cells reached confluence. Thereafter, cells were kept in DMEM supplemented
with 5% FBS and 0.25 mg/ml G418 for another 10 d, with replacement of medium every sec-
ond day. Plates were washedwith PBS and air-dried, and fixed with methanol for 20min, and
cells were stained with 0.2% crystal violet in 20% ethanol for 20 min, followed by three short
rinses in water.

Cell Culture, Viability, Lysis, and Immunoblotting
Cell viability was assessed as relative redox metabolic activity using aresazurin-based assay.
Cell lines usedwere CLB-BAR, CLB-GE, CLB-GA, Kelly, SK-N-AS, SK-N-BE, SK-N-DZ, IMR32,
and CLB-PE neuroblastoma cells (Umapathy et al. 2017). Cells (4 × 104) were plated on col-
lagen-coated 48-well plates and treated with either ceritinib or crizotinib with indicated con-
centrations. Cell viability was determined after 72 h with 55 µM resazurin (Sigma-Aldrich).
After 3 h at 37°C, the amount of metabolized resazurin was analyzed as relative fluorescence
with an Infinit200 plate reader (TEKAN). Results were fromone of three representative exper-
iments, with each experiment being performed in triplicate. GraphPad Prism 6.0 was used to
calculate IC50 values by fitting data to a log (inhibitor concentration) versus normalized re-
sponse (variable slope) equation.

PC12 cells were transfected with 0.5 µg of empty pcDNA3 vector, pcDNA3-ALK-WT, or
pcDNA3-ALK variants as specified, respectively by electroporation as described above. Cells
were serum-starved for 36 h before lysis. For samples stimulated with ALK ligand, they were
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treated with 1 µg/ml of purified ALKAL1 protein for 30 min prior to lysis. Cells were washed
twice with ice-cold PBS prior to harvest in lysis buffer (25 mmol/L Tris-Cl, pH7.5, 150 mmol/L
NaCl, 1% (v/v) Triton X-100, 1 mmol/L DTT, protease inhibitor cocktail tablet [Roche]). Cell
lysates were cleared by centrifugation at 14,000 rpm for 15 min at 4°C. Samples were boiled
in 1× SDS sample buffer and analyzed by immunoblotting. Primary antibodies used for im-
munoblotting were: anti-pan-ERK (1:10,000), purchased from BD Transduction Laboratories,
anti-pALK (Y1604) and anti-pERK1/2 (T202/Y204) fromCell Signaling Technology. Monoclo-
nal antibody 135 (anti-ALK) was produced in the Hallberg laboratory against the extracellular
domain of ALK as described (Moog-Lutz et al. 2005; Schonherr et al. 2012). Horseradish per-
oxidase–conjugated secondary antibodies goat anti-rabbit IgG and goat anti-mouse IgG
(1:5,000) were from Thermo Scientific.

ALK Inhibitor Profiles on ALK Variants
PC12 cells (2 × 106) were transfected with 1.0 µg of pcDNA3-ALK-WT, or pcDNA3-ALK var-
iants as described (Guan et al. 2016; Siaw et al. 2016). Cells from three electroporations were
pooled together, mixed, and equally seeded into ninewells of one 24-well plate. After 24–36
h culture, cells were treated with serial dilutions of the indicated inhibitors for 1 h before lysis.
Cells were washed with cold 1× PBS and lysed with 1× SDS sample buffer and samples were
boiled for 5 min at 95°C. Phospho-ALK (Y1604) antibody was used to detect ALK phosphor-
ylation, and ALK mAb135 was used to detect total ALK. The intensity of pALK (Y1604) and
total ALK bands was quantified with Image Studio Lite 3.1 software. Data were normalized to
the 0 nM inhibitor samples. GraphPad Prism 6.0 was used to calculate IC50 values by fitting
data to a log (inhibitor concentration) versus normalized response (variable slope) equation.

Phosphoproteomics
Tyrosine and serine/threonine phosphorylation profiling of neuroblastoma cells (CLB-BAR,
CLB-GE, and SK-N-AS) in the presence or absence of ceritinib (200 nM for 60 min) was un-
dertaken by immunoaffinity purification with P-Tyr-100 or P-Ser/Thr-antibodies accordingly
(Cell Signaling Technology). Cells were lysed in lysis buffer (20mMHepes pH 8.0, 9MUREA,
1 mM sodium orthovanadate, 2.5 mM sodium pyrophosphate and 1 mM β-glycerol-phos-
phate) and ∼20 mg protein per sample subjected to LC-MS/MS. This was performed as pre-
viously described (Sattu et al. 2013). Phosphorylation responses were quantified for each site
(tyrosine, serine, or threonine) under analysis as log2 fold change (FC) values of ceritinib treat-
ed/untreated control counts. If a specific site was measured in multiple peptides, its median
log2 FC value was used for analysis. Protein sites were considered differentially phosphory-
lated when their absolute log2 FC values were >1.5. A gene set enrichment analysis (GSEA)
was performed using Fisher’s exact test and false discovery rate correction using the
Benjamini–Hochberg method (Benjamini and Hochberg 1995). Reactome pathway informa-
tion was downloaded from the Molecular Signatures Database v5.2 (Subramanian et al.
2005). The differentially phosphorylated proteins were mapped to the InWeb_InBioMap
protein–protein interaction (PPI) network (Li et al. 2017). For the analysis of related TRKs, a
list of 40 different TRKs was downloaded from HGNC (Gray et al. 2015).

ADDITIONAL INFORMATION

Data Deposition and Access
The detected DNA variants in FANCA and ALK have been submitted to ClinVar (http://www.
ncbi.nlm.nih.gov/clinvar/) and can be found under accession numbers SCV000777897–
SCV000777901. Raw sequencing data could not be deposited because of lack of patient
consent.
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Ethics Statement
Treatment was initiated according HR-NBL-1 SIOPEN protocol (permit 02-294). A Clinical
Ethical Board meeting and an endorsed license application from theMPA license (according
to LVFS 2008:1) supported LDK378 compassionate use. Written informed consent from
the patient’s guardians was obtained and the patient was included in the Novartis compas-
sionate use program for ceritinib (CLDK378A2003M). Tumor analyses and linkage to clinical
information were performed according to the ethical permit 2009/1369-31/1. Written in-
formed consent was obtained from the patient’s guardians allowing the scientific research
publication and are filed with the case notes.
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